Exploiting 2D materials for spintronic applications can potentially realize next-generation devices featuring low power consumption and quantum operation capability [1] [2] [3] . The magnetic exchange field (MEF) induced by an adjacent magnetic insulator enables e cient control of local spin generation and spin modulation in 2D devices without compromising the delicate material structures 4, 5 . Using graphene as a prototypical 2D system, we demonstrate that its coupling to the model magnetic insulator (EuS) produces a substantial MEF (>14 T) with the potential to reach hundreds of tesla, which leads to orders-of-magnitude enhancement of the spin signal originating from the Zeeman spin Hall e ect. Furthermore, the new ferromagnetic ground state of Dirac electrons resulting from the strong MEF may give rise to quantized spin-polarized edge transport. The MEF e ect shown in our graphene/EuS devices therefore provides a key functionality for future spin logic and memory devices based on emerging 2D materials in classical and quantum information processing.
The slight enhancement of the Raman D-peak suggests that EuS deposition introduces a small number of scattering centres, as reflected in the decrease in electronic mobility (see Supplementary Information 1.) However, most graphene/EuS devices develop Shubnikov-de Haas oscillations in field ≥2 T at 4.2 K, and the lowest quantum Hall plateaux locate exactly at 2e 2 /h (Supplementary Fig. 5-1 ), indicative of high graphene quality and well-preserved Dirac band structure.
We use the Zeeman spin Hall effect (ZSHE) to probe the MEF in graphene that splits the Dirac cone through the Zeeman effect and generates electron-and hole-like carriers with opposite spins near the Dirac point V D (Fig. 2a right panel ) 8, 9 . Under a Lorentz force, these electrons and holes propagate in opposite directions, giving rise to a pure spin current and non-local voltage V nl ( Fig. 2a left  panel) . We measure the non-local resistance R nl of the ZSHE using the device configuration in Fig. 2a (see Methods). Figure 2b plots R nl as a function of the back-gate voltage V g under a series of applied field µ 0 H for a graphene/EuS device. The R nl peak at V g = V D can be described by 8, 9, 16, 17 :
where ρ xx (ρ xy ) is the longitudinal (Hall) resistivity, E Z is the Zeeman splitting energy, and µ is the chemical potential. As shown in Fig. 2c , R nl,D in graphene/EuS easily dwarfs that in pristine graphene by a factor of ∼8, revealing a substantial E Z enhancement. Moreover, after prolonged air exposure (∼1 month), R nl,D decreases significantly owing to degraded EuS magnetic properties by oxidation. We further confirm the effect of EuS using correlated studies of transport and magnetization. Figure 2d shows that both R nl,D and magnetization M in graphene/EuS rise abruptly as T drops below T C (∼16 K) of EuS. On the other hand, the weak T dependence of R nl,D in graphene/AlO x (Fig. 2d inset) is consistent with that in graphene/EuS above T C . The R nl,D at T > T C reflects the contributions from the applied-field-induced ZSHE 7, 9 , and the paramagnetic response of EuS at high field (for example, 3.5 T) 10, 11 . Nevertheless, the MEF-induced R nl,D dominates in graphene/EuS when T < T C . Last, Fig. 2e . Both EuS and AlO x deposition preserve graphene's lattice structure. The characteristic graphene peaks G and 2D with respect to the baseline show negligible changes. The defect D peak shows a slight increase in the spectral weight. c, Left panel: the wide-angle X-ray di raction studies on our graphene/EuS heterostructure films with di erent EuS thickness (7 nm and 20 nm). Both EuS films show the same crystalline orientation with a (002) di raction peak, which confirms the high-quality, single-phase film growth. Right panel: a transmission electron microscopy cross-sectional image of a typical graphene/EuS(7 nm) heterostructure showing a sharp interface.
magnitude and a much narrower peak under finite field, thereby excluding the Ohmic contribution. In contrast, the small zerofield R nl does scale with R xx , providing a quantitative estimate of the Ohmic contribution (see Supplementary Information 2.1).
Other extrinsic effects are further discussed and ruled out (see Supplementary Information 2). To estimate the E Z enhanced by the MEF, we compare the field dependence of R nl,D in graphene/EuS with that in graphene/AlO x (Fig. 3a) fabricated from the same batch of CVD graphene. The normalized R nl,D (µ 0 H )/R nl,D (3.8 T) variation in graphene/EuS is almost two orders of magnitude larger, indicative of a strong contribution from EuS. R nl,D (3.8 T) is chosen as the reference because ZSHE dominates the non-local signal at large field.
According to equation (1) and previous reports 9, 16, 17 , R nl,D can be recast as
Here R 0 accounts for the zero-field non-local signal from extrinsic sources (see Supplementary Information 2) , the parameter β represents the orbital-field effect manifested by ρ xx and ρ xy , and
where B exc is the MEF. We further define the parameter α:
where E Z0 denotes the Zeeman energy at the reference field µ 0 H 0 . Given H 0 , deriving α(µ 0 H ) of graphene/AlO x is straightforward because E Z is solely determined by µ 0 H . The inset of Fig. 3b shows the calculated α using µ 0 H 0 = 1 T, a proper reference field as we will explain below. To derive α of graphene/EuS, we note that according to the theory of the ZSHE 9, 17 , α depends on sample mobility. Other sample-dependent terms (including spin relaxation length, density of thermally activated carriers and Fermi velocity) cancel out (see Supplementary Information 3) . The mobility difference between our graphene/EuS and graphene/AlO x samples is ∼25% (see Supplementary Information 1) , which would yield only a ∼10% correction to α (see Supplementary Information 3). As ∼10% difference is small, for an order-of-magnitude estimate of the MEF, we adopt the α value of graphene/AlO x for graphene/EuS as an approximation. We then evaluate E Z in graphene/EuS using
To obtain the lower bound of E Z , we approximate E Z0 ≈ g µ B µ 0 H 0 , ignoring the B exc contribution. This constrains us to use a small H 0 such that B exc is small. Meanwhile, H 0 should be high enough to ensure that R nl,D (µ 0 H 0 ) − R 0 is much larger than noise. Therefore, . It shows orders-of-magnitude di erence in the field-induced enhancement. The non-local resistance in graphene/AlO x (black squares) increases gradually with the applied field. In contrast, the non-local resistance in graphene/EuS (blue circles) rises sharply at ∼0.9 T. This onset behaviour is commonly observed in graphene/EuS samples; however, it is absent in pristine graphene or graphene/AlO x (for example, Figs 2c and 3a) . We infer from the value of the estimated Zeeman splitting (E Z ) in Fig. 3b that the onset behaviour develops when E Z is close to overcoming the thermal energy k B T (∼0.36 meV at 4.2 K), above which thermal smearing may no longer reduce the ZSHE. Inset: R nl versus V g data of graphene/EuS at µ 0 H = 3.8 T, showing LL quantization and a pronounced EuS-induced ZSHE peak indicated by the green arrow. b, Quantitative estimation of the Zeeman splitting energy E Z in the presence of EuS. The curve represents the lower-bound estimate as elucidated in the main text. On top of the main curve, several secondary structures are seen. As these features are history dependent (irreversible on thermal cycling and field cycling) we infer that these secondary features may be attributed to the multi-domain magnetization process of EuS, during which the spin current generation and transport may be modified by magnetic domains or domain walls. The right axis shows the estimated total Zeeman field (B Z ) in graphene enhanced by the EuS-induced interfacial exchange field. Inset: field dependence of the dimensionless coe cient α ≡ (β(µ 0 H))/(β(µ 0 H = 1 T)) that captures the orbital-field e ect in non-local resistance. α is extracted from the graphene/AlO x data in a where the interface exchange field is zero and the total Zeeman field equals the applied field.
we choose H 0 ≈ 1 T, above and close to the onset of R nl,D (Fig. 3a) .
The calculated lower-bound estimate of E Z is plotted against the applied field in Fig. 3b . We further take the free-electron gyromagnetic factor g = 2 to estimate B Z and find that it reaches a significant value of >18 T when µ 0 H ∼ 3.8 T (Fig. 3b) . Moreover, the spin generation efficiency of ZSHE characterized by the spin Hall angle θ SH is enhanced from θ SH ∼ (0.51 ± 0.10) at µ 0 H = 2 T in pristine graphene to θ SH ≥ 1.22 in graphene/EuS-more than a factor of 2 gain. In contrast to conventional spin injection in which spinpolarized electrons tunnel into 2D materials through a barrier 18 , the MEF directly polarizes the 2D electrons, thereby circumventing issues of pinholes and barrier breakdown.
The intense MEF also lifts the ground-state degeneracy of graphene in the quantum Hall regime. In graphene/EuS, the quantum Hall regime is reached at µ 0 H 3.8 T (Fig. 4a) . The filling factor ν of the Landau level (LL) obeys: υ = ±4(|n| + 1/2) for 2D Dirac fermions where n = 0, 1, 2 . . . is the LL index. ν can be derived from the gate voltage at each R xx minimum (Fig. 4a inset) . By tracing the ν = ±2 fillings with µ 0 H , we find that the corresponding electron density depends only on µ 0 H but not on B Z (Fig. 4b and Supplementary Figs 2-5 ), implying that EuS causes negligible orbital field. Nevertheless, a close look at the R xx maxima reveals extra dip features that develop with increasing µ 0 H , especially at the n = 0 LL (Fig. 4c) . This peak-splitting feature indicates the lifting of LL degeneracy under large B Z , which can be well fitted by simple Gaussians (Fig. 4d) . The observed splitting feature is reproducible in both R xx and R nl (inset of Fig. 4d ) and the associated plateau feature is also observable in the R xy measurements (see Supplementary Information 5).
Another observation associated with the intense B Z is the reduction of R xx,D , longitudinal resistance at the Dirac point. As shown in Fig. 4e , R xx,D initially increases with µ 0 H until it peaks at ∼2 T and then drops continuously with field. At 3.8 T, R xx,D is even smaller than its zero-field value, in sharp contrast to the monotonic increase of R xx,D in graphene/AlO x (Fig. 4e inset) and in previous reports [19] [20] [21] . The divergent R xx,D is usually attributed to the gapped ν = 0 state under a perpendicular field 22, 23 . The ν = 0 state originates from the splitting of n = 0 LL and can either be a valley-polarized spin singlet (Fig. 4f) or a spin-polarized valley singlet (Fig. 4g ) depending on the relative strength of valley versus spin splitting [22] [23] [24] . As the valley-polarized state inevitably leads to divergent R xx,D , the observed decrease of R xx,D in graphene/EuS strongly suggests the spin-polarized valley-singlet state. That R xx,D (3.8 T) < R xx,D (0 T) further indicates additional states forming at the Dirac point with increasing B Z , consistent with the presence of counter-propagating edge channels in the spin-polarized ν = 0 state (Fig. 4g ) similar to the quantum spin Hall effect (Fig. 4g  inset ) 22, 25, 26 . Such an unusual ground state had only been created under an enormous in-plane field (µ 0 H > 20 T) in selected highquality graphene devices 22, 25 . Here we show that it is accessible in a much lower field using scalable CVD graphene by leveraging the MEF. Thus, our approach enables other emerging phenomena, for example the quantum anomalous Hall effect in 2D materials by engineering magnetic insulators with inherently both MEF and spin-orbit-coupling 27, 28 , or magnetically gated information storage/processing devices with strong spin-orbit-coupling in 2D transition metal dichalcogenides using MEF 3, 29 . For industrial applications in low-power information processing, development of high-quality magnetic insulators that are compatible with 2D materials and magnetic above room temperature will be highly desirable.
Methods
Methods and any associated references are available in the online version of the paper. In contrast to the single peaks at 2 T, the main peak of R xx near the Dirac point develops double-peak features at 3.8 T denoted by the grey arrows, which suggests the splitting of the LL. Notably, the height of the R xx peak at the Dirac point decreases as µ 0 H increases. d, Gaussian fit of the R xx versus V g data at 3.8 T in c to quantify the LL splitting. The x axis has been converted to ν according to the fitted values of V D and (dν/dV g ) in a. The corresponding carrier density n c in graphene is given on the upper x axis. The splitting of the n = ±1 and n = 0 LLs is located at ν = ±4 and ν = 0 respectively, which indicates half-filling of the n = ±1 and n = 0 LLs due to spin splitting. Here n represents the LL index. Simple Gaussians centred at each sub-peak (sub-LL): R 
LETTERS Methods
Wafer-size (>1 cm × 1 cm) monolayer graphene was grown on copper foils by standard chemical vapour deposition 30 (CVD). We transferred the CVD graphene samples to low-resistivity silicon substrates (<0.005 cm) capped with ∼100 nm custom-grown thermal oxide (gate dielectric for chemical potential tuning) and pre-patterned with gold alignment marks. We have employed two transfer techniques-the PMMA/PDMS stamping method and the recyclable pressure sensitive adhesive films method 30 . The latter is found to yield higher quality devices. The transferred graphene was first shaped into a Hall bar geometry using electron-beam lithography (Nano Beam nB4) and oxygen plasma etching (Plasma Etch PE-50). The channel width of the devices ranges from 0.5 to 1 µm, and the channel length (l) to width (w) ratio is fixed to l/w = 2, 2.5 and 3. Then the electrodes of Ti/Pd/Au were deposited by electron-beam evaporation. Last, to remove polymeric residues from the aforementioned fabrication processes, we have annealed the samples in high vacuum (<1 × 10 −6 torr) at 170-200 • C for ∼3 h to remove the organic residues from the electron-beam resist after the device fabrication. The typical field-effect mobility of the resulting devices is about 6,000 cm 2 V −1 s. Before forming the EuS/graphene heterostructure, the Hall bar devices were annealed in situ at low 10 −8 torr vacuum to remove possible water molecules on graphene and any remaining organic residues immediately before the EuS deposition. Then EuS (3 ∼ 7 nm) was deposited at room temperature under 10 −8 torr vacuum and capped with AlO x (15 nm) to prevent oxidation. For simplicity, in the main text, we omit this capping layer when labelling the devices. Both EuS and AlO x are grown from single-compound sources. The growth of EuS is shown to preserve the graphene layer underneath by Raman spectroscopy (Fig. 1b) , and the growth of AlO x is proved to preserve the EuS layer below 11 . The detailed characterizations of the heterostructure material are described in Supplementary Information 1. EuS grown on graphene is confirmed to have a single-phase (00L) type orientation by the clear (002) peak in X-ray diffraction data (Fig. 1c) . Unlike EuO that requires an O 2 atmosphere, the growth of EuS avoids O 2 absorption on graphene and thus sidesteps the associated degradation effects. The EuS films have been proved insulating (see Supplementary Information 1.3 ) and do not contribute to non-local signal in the graphene/EuS heterostructure (see Supplementary Information 2.5). Unless otherwise specified, all reported data were measured at 4.2 K using the a.c. lock-in method with an excitation current of 100 nA. The electrical and magneto-transport experiments were carried out in both the non-local and standard longitudinal/Hall configurations (Fig. 2a) . In the non-local configuration, current I is applied along leads 2 and 6 and voltage V nl is measured between leads 3 and 5. The non-local resistance is defined as R nl ≡ (V nl /I ). In the standard transport configuration, current I is applied along 1 and 4, voltages V xx is measured between either 2 and 3 or 6 and 5, and longitudinal resistance is defined as R xx ≡ (V xx /I ). Under a perpendicular field µ 0 H , the Hall voltage V yx is measured between either 6 and 2 or 5 and 3, and Hall resistance is defined as R yx ≡ (V yx /I ). We have measured >20 control devices on >10 different chips and ∼15 surviving EuS/graphene devices on 5 different chips. (That fewer graphene/EuS chips are measured reflects the survival rate of graphene devices after EuS deposition-a result of electrostatic discharge either during deposition or in transit.) Compared with the control devices, the EuS-induced enhancement in R nl response ranges from unity to ∼2 orders of magnitude. We estimate that the corresponding exchange field ranges from less than 1 T to over 10 T depending on the graphene and interface quality. The magnetization measurements were performed using a standard superconducting quantum interference device magnetometer.
